The current work focuses on the effect of explosive ratio R on the comprehensive properties of Ti/Al clads manufactured via explosive welding. The lower and upper limits of explosive ratio, namely R 1 and R 2 , were determined according to the R-δ f (flyer plate thickness) welding window. Two TA2/1060 explosive cladding plates were successfully manufactured at the different explosive ratios. Microstructure investigation was conducted by optical microscopy (OM), scanning electron microscopy (SEM), and energy dispersive spectrometer (EDS). The small wave bonding interface was observed at R 1 , where the vortex structure containing the ingot structure appeared periodically. The bonding interface presented a big wave bonding morphology and a locally continuous melting layer at R 2 . Many prolonged grains and adiabatic shear bands (ASBs) were found near the interface for a greater explosive load. Intermetallic compounds were formed in the bonding zones of the two plates. The thickness of element diffusion area increased with an increasing explosive ratio. Comparative tests of mechanical properties indicated that the tensile shear strength at R 1 was higher. The microhardness, tensile strength, and bending performance of the two plates are similar and acceptable. Tensile fracture analysis indicated the fracture mode at R 1 was ductile fracture, while the explosive cladding plate at R 2 had mainly ductile fracture with quasi-cleavage fracture as the supplement.
Introduction
Titanium and its alloys have excellent comprehensive properties of outstanding corrosion resistance, low specific gravity, and high specific strength, which makes them widely applied in the chemical and shipbuilding industries [1, 2] . However, its relatively high price increases the production and application costs to a certain extent [3] . Aluminum alloys are the main lightweight structural materials [4] . Especially for 1xxx aluminum alloys, they have advantages in terms of production technology and price compared with other aluminum alloys [5] . Therefore, it is of great value to combine the characteristics of Ti and Al. Ti/Al bimetal clads can be used in many harsh environments, such as aerospace engineering and the defense industry, because it has many unique advantages, such as heat resistance, oxidation resistance, and specific strength [6, 7] . In addition, Vecchio [8] reported that the specific stiffness of Ti-Al 3 Ti metallic-intermetallic laminate (MIL) composite was twice that of steel, and the MIL composite could be used as damping elements or to absorb blast energy. Moreover, replacing expensive titanium with relatively cheap aluminum can improve economic efficiency [9] .
However, titanium is extremely chemically reactive at high temperatures and differs greatly from aluminum in its physical properties. The linear expansion coefficient of titanium is 1/3 of that of aluminum, while thermal conductivity of titanium is only 1/16 of that of aluminum [5, 10] . These factors The R-δf welding window of Ti/Al explosive cladding was shown in Figure 2 . The explosive ratio in explosive welding is the ratio of the explosive mass to the flyer plate mass per unit area, as indicated by Equation (1) [12] . The lower and upper limits of the explosive ratio curves (f1, f2) can be obtained based on Equation (2) and Equation (3) [25] [26] [27] [28] [29] . 
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Here, ρf is the density of the flyer plate; ρ0 and δ0 are the density and thickness of explosives, respectively; Dk and γ are the detonation velocity and effective multiparty index of explosives, respectively; Rmin and Rmax are the minimum and maximum explosive ratios, respectively. Wmin is the minimum energy which can realize welding per unit area; R0 and k0 are the explosive characteristic constants; κ is the temperature conductivity coefficient; c is the specific heat capacity; tmp is the lower melting point of the welded materials; Vsf is the volume sound velocity of the flyer plate; β is the dynamic bent angle. Explosives have a critical detonation thickness. When the thickness of explosives is less than the critical detonation thickness, the explosives cannot be detonated. The critical detonation thickness of the powdery emulsion explosive is approximately 12.5 mm. Thus, the curve δ0min of the critical detonation thickness can be obtained using Equation (1) . Furthermore, the explosive ratio R ranges from 0.12 to 1.46 based on Equation (4) because the value of the dynamic bent angle β ranges from π/36 to 5π/36 [29] . In this study, the thickness of flyer plate was 2.5 mm, so the lower and The R-δ f welding window of Ti/Al explosive cladding was shown in Figure 2 . The explosive ratio in explosive welding is the ratio of the explosive mass to the flyer plate mass per unit area, as indicated by Equation (1) [12] . The lower and upper limits of the explosive ratio curves (f 1 , f 2 ) can be obtained based on Equation (2) and Equation (3) [25] [26] [27] [28] [29] .
Here, ρ f is the density of the flyer plate; ρ 0 and δ 0 are the density and thickness of explosives, respectively; D k and γ are the detonation velocity and effective multiparty index of explosives, respectively; R min and R max are the minimum and maximum explosive ratios, respectively. W min is the minimum energy which can realize welding per unit area; R 0 and k 0 are the explosive characteristic constants; κ is the temperature conductivity coefficient; c is the specific heat capacity; t mp is the lower melting point of the welded materials; V sf is the volume sound velocity of the flyer plate; β is the dynamic bent angle. Explosives have a critical detonation thickness. When the thickness of explosives is less than the critical detonation thickness, the explosives cannot be detonated. The critical detonation thickness of the powdery emulsion explosive is approximately 12.5 mm. Thus, the curve δ 0 min of the critical detonation thickness can be obtained using Equation (1) . Furthermore, the explosive ratio R ranges from 0.12 to 1.46 based on Equation (4) because the value of the dynamic bent angle β ranges from π/36 to 5π/36 [29] . In this study, the thickness of flyer plate was 2.5 mm, so the lower and upper limits of explosive ratio could be determined to manufacture two TA2/1060 cladding plates, respectively, namely sample 1 (R 1 = 0.96) and sample 2 (R 2 = 1.46). Samples for property tests were taken from the two plates by the wire electrical discharge machining method. Microstructure investigation of materials was carried out by using an IE200M optical microscope (OM) (SDPTOP, Ningbo, China) and a JSM-6360LV scanning electron microscope (SEM) (JEOL, Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDS) (EDAX Inc., Draper, UT, USA) analysis and lining scan test were constructed to analyze the diffusion of elements and the composition of specific parts. These samples used in microstructure studies were subjected to standard sanding, polishing, and etching (10% HF, 5% HNO 3 , and 5% HCl in water) [18] . Microhardness tests near the interface were measured by an MC010-HVS-1000 microhardness tester (WHW, Shanghai, China). A WE-1000B universal testing machine (HONGXING MACHINE, Shaoxing, China) was used to test the tensile strength, tensile shear strength, and bending performance according to GB/T 228.1-2010, GB/T 6396-2008, and GB/T 232-2010, respectively. The fracture morphology of the tensile samples was observed by an SEM.
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As shown in Figure 3c , the vortex structure of sample 1 contains an ingot structure. The ingot structure was the result of the molten metals being wrapped in the vortex structure at a high temperature. The formation of the ingot structure resulted in the absence of a continuous melting layer in the bonding interface, which was beneficial for the bonding strength of sample 1. Besides, some microcracks and voids could be seen in the ingot structure. Two factors may be considered to explain the phenomenon. On the one hand, a sharp change in temperature caused the molten metals at the interface to solidify rapidly. On the other hand, the high-temperature air and oxide films remaining at the interface were limited into the ingot structure under the action of the explosion. As shown in Figure 3c , the vortex structure of sample 1 contains an ingot structure. The ingot structure was the result of the molten metals being wrapped in the vortex structure at a high temperature. The formation of the ingot structure resulted in the absence of a continuous melting layer in the bonding interface, which was beneficial for the bonding strength of sample 1. Besides, some microcracks and voids could be seen in the ingot structure. Two factors may be considered to explain the phenomenon. On the one hand, a sharp change in temperature caused the molten metals at the interface to solidify rapidly. On the other hand, the high-temperature air and oxide films remaining at the interface were limited into the ingot structure under the action of the explosion.
The significant melting layer of sample 2, about 12 μm, is shown in Figure 4a . As another typical interface morphology, the existence of melting layers can be attributed to the transformation of kinetic energy to heat energy [32] . The violent collision made the interface severely deformed, which produced a large amount of plastic deformation heat. Aluminum melted near the interface at high temperature and pressure due its much lower melting point than that of titanium. This is similar to reports in the literature, where melting zones appeared at the 2205/AZ31B bonding interface for the low melting point of AZ31B magnesium alloy [33] . Compared with the wave bonding morphology, the melting layer is not an acceptable interface morphology, especially for Ti/Al explosive cladding. The low solid solubility of Ti and Al in each other makes it possible to easily generate intermetallic compounds and mechanical mixtures in the melting layer, which can increase the brittleness of welded joints and deteriorate the mechanical properties [17, 34] . The significant melting layer of sample 2, about 12 µm, is shown in Figure 4a . As another typical interface morphology, the existence of melting layers can be attributed to the transformation of kinetic energy to heat energy [32] . The violent collision made the interface severely deformed, which produced a large amount of plastic deformation heat. Aluminum melted near the interface at high temperature and pressure due its much lower melting point than that of titanium. This is similar to reports in the literature, where melting zones appeared at the 2205/AZ31B bonding interface for the low melting point of AZ31B magnesium alloy [33] . Compared with the wave bonding morphology, the melting layer is not an acceptable interface morphology, especially for Ti/Al explosive cladding. The low solid solubility of Ti and Al in each other makes it possible to easily generate intermetallic compounds and mechanical mixtures in the melting layer, which can increase the brittleness of welded joints and deteriorate the mechanical properties [17, 34] .
In addition to the continuous melting layer, the big wave bonding morphology of sample 2 was observed in Figure 4b . The shape and distribution of the grains near the wave bonding interface had been changed significantly for the severe plastic deformation. The prolonged grains and small individual crystallites were randomly oriented. More dislocations and structural changes were observed on the TA2 side near the interface because the softening temperature of Ti was much higher than that of Al [17, 18] . As shown in Figure 4c , there are some lines extending to the side of the flyer plates of sample 2, which are enveloped at the bonding interfaces-approximately 45 • from the interfaces-and are called "adiabatic shear bands" (ASB). ASBs are extensions of the plastic deformation from the interfaces to the material matrix, in essence. As a type of crack source, ASBs represent a microscopic reaction of macrocracks at the bonding interface, consequently, adversely affecting the bonding strength of sample 2. The formation of the ASBs is mainly related to impact toughness A k and explosion load [35] . Low impact toughness of Ti and Al easily causes the existence of ASBs at the bonding interface of Ti/Al explosive cladding. In comparison with the ASB distribution of sample 1, that of sample 2 is denser. The reason for the phenomenon is a more severe plastic deformation in sample 2 caused by the greater explosive load. In addition to the continuous melting layer, the big wave bonding morphology of sample 2 was observed in Figure 4b . The shape and distribution of the grains near the wave bonding interface had been changed significantly for the severe plastic deformation. The prolonged grains and small individual crystallites were randomly oriented. More dislocations and structural changes were observed on the TA2 side near the interface because the softening temperature of Ti was much higher than that of Al [17, 18] . As shown in Figure 4c , there are some lines extending to the side of the flyer plates of sample 2, which are enveloped at the bonding interfaces-approximately 45° from the interfaces-and are called "adiabatic shear bands" (ASB). ASBs are extensions of the plastic deformation from the interfaces to the material matrix, in essence. As a type of crack source, ASBs represent a microscopic reaction of macrocracks at the bonding interface, consequently, adversely affecting the bonding strength of sample 2. The formation of the ASBs is mainly related to impact toughness Ak and explosion load [35] . Low impact toughness of Ti and Al easily causes the existence of ASBs at the bonding interface of Ti/Al explosive cladding. In comparison with the ASB distribution of sample 1, that of sample 2 is denser. The reason for the phenomenon is a more severe plastic deformation in sample 2 caused by the greater explosive load.
EDS analysis and lining scan test were carried out and the tested points are shown in Figure 3c and Figure 4a . The results presented in Figure 5 indicate that the element diffusion took place near the interfaces and the metal atoms were interlaced in the bonding zones. The average thickness of diffusion areas of the ingot structure and the melting layer was approximately 5.2 μm and 9.5 μm, respectively. The plastic deformation and the change of the element concentration gradient during the welding process are the main reasons for element diffusion near the interfaces. The atomic ratio of Ti and Al at the tested points are not constant (about 0.3 at points A and D or 0.5 at point C). The intermetallic compounds, such as TiAl3 and TiAl, existed in the ingot structure and the melting layer. The intense diffusion of atoms in the bonding zones easily made the element content reach the solid solution limit due to the low solid solubility of Ti and Al in each other under a high temperature EDS analysis and lining scan test were carried out and the tested points are shown in Figures 3c  and 4a . The results presented in Figure 5 indicate that the element diffusion took place near the interfaces and the metal atoms were interlaced in the bonding zones. The average thickness of diffusion areas of the ingot structure and the melting layer was approximately 5.2 µm and 9.5 µm, respectively. The plastic deformation and the change of the element concentration gradient during the welding process are the main reasons for element diffusion near the interfaces. The atomic ratio of Ti and Al at the tested points are not constant (about 0.3 at points A and D or 0.5 at point C). The intermetallic compounds, such as TiAl 3 and TiAl, existed in the ingot structure and the melting layer. The intense diffusion of atoms in the bonding zones easily made the element content reach the solid solution limit due to the low solid solubility of Ti and Al in each other under a high temperature and high pressure. Ultimately, these intermetallic compounds were formed in bonding zones. Almost only aluminum atoms were found at point B, which might result from the narrower diffusion area of the ingot structure. A certain degree of element diffusion can guarantee the bonding strength of the interface, but too large diffusion areas may increase the possibility of the formation of intermetallic compounds [17] .
The results of microstructure investigations of sample 1 and sample 2 are shown in Table 2 . Compared with sample 2, there were no obvious micro defects and large area melting of interface metals in the bonding zones of sample 1. The wavelength λ and amplitude A of the bonding interface of sample 1 were lower than those of sample 2. The bonding interface of sample 1 presented a small wave bonding morphology with a certain degree of plastic deformation and element diffusion. The bonding interface of sample 2 was severely deformed, including the formation of a melting layer and many ASBs. Therefore, the above results can indicate the rationality of a lower limit of the explosive ratio adopted. diffusion area of the ingot structure. A certain degree of element diffusion can guarantee the bonding strength of the interface, but too large diffusion areas may increase the possibility of the formation of intermetallic compounds [17] .
The results of microstructure investigations of sample 1 and sample 2 are shown in Table 2 . Compared with sample 2, there were no obvious micro defects and large area melting of interface metals in the bonding zones of sample 1. The wavelength λ and amplitude A of the bonding interface of sample 1 were lower than those of sample 2. The bonding interface of sample 1 presented a small wave bonding morphology with a certain degree of plastic deformation and element diffusion. The bonding interface of sample 2 was severely deformed, including the formation of a melting layer and many ASBs. Therefore, the above results can indicate the rationality of a lower limit of the explosive ratio adopted. 
Mechanical Tests
Microhardness characterizes the ability of the metal material to resist plastic deformation caused by external force indentation. The microhardness near the interfaces of sample 1 and sample 2 was measured via the indentation method. The distance between the tested points was 0.15 mm. The microhardness profiles near the interfaces are shown in Figure 6 . The tested microhardness of sample 1 was in the ranges of 145 to 235 HV and 28 to 77 HV for Ti and Al, respectively, while that of sample 2 was in the ranges of 147 to 240 HV and 31 to 82 HV for Ti and Al, respectively. The values of the entire microhardness of the two plates were higher than the original values because plastic deformation near the interfaces led to the explosive hardening that occurred with explosion and collision. The existence of prolonged grains and small individual crystallites near the interfaces visible in Figure 4b indicates that explosive welding had a fine grain strengthening effect on the interfaces. The maximum microhardness value was obtained at the closest to the bonding interfaces for both sample 1 and sample 2. The parent metals were exposed to a large amount of energy produced by the explosion and maximum plastic deformation took place at the interfaces. Similarly, the entire microhardness value of sample 2 was slightly higher than that of sample 1, which was also due to the higher explosive ratio for sample 2.
sample 2 was in the ranges of 147 to 240 HV and 31 to 82 HV for Ti and Al, respectively. The values of the entire microhardness of the two plates were higher than the original values because plastic deformation near the interfaces led to the explosive hardening that occurred with explosion and collision. The existence of prolonged grains and small individual crystallites near the interfaces visible in Figure 4b indicates that explosive welding had a fine grain strengthening effect on the interfaces. The maximum microhardness value was obtained at the closest to the bonding interfaces for both sample 1 and sample 2. The parent metals were exposed to a large amount of energy produced by the explosion and maximum plastic deformation took place at the interfaces. Similarly, the entire microhardness value of sample 2 was slightly higher than that of sample 1, which was also due to the higher explosive ratio for sample 2. The tensile samples shown in Figure 7 and Equation (5) 
Here ab and af are the thicknesses of the base and flyer plates, respectively; σ1, σ2, and σb are the tensile strengths of the base, flyer, and explosive cladding, respectively. The standard value is calculated to be 176.7 MPa by substituting σ1 = 135 MPa, σ2 = 410 MPa, ab = 14 mm, and af = 2.5 mm. The tensile test was carried out and the results are shown in Table 3 . The tensile strength values of the two plates were approximately the same and significantly higher than the standard values of TA2/1060 explosive cladding and 1060 plates. The phenomenon might result from two factors. Firstly, plastic deformation caused by the explosion load resulted in working hardening. The mutual cross-cutting action of dislocations increased the motion resistance when the matrix material was subjected to tensile stress. Secondly, fracture of Al and Ti occurred successively and delamination of the interface finally took place during the tensile process due to the difference in tensile strength and toughness between Ti and Al. Therefore, the tensile strength of the Ti/Al explosive cladding plate The tensile samples shown in Figure 7 and Equation (5) are given according to the Chinese standard GB/T 228.1-2010. The original tensile strengths of TA2 and 1060 are 410 MPa and 135 MPa, respectively. The standard values of tensile strength of sample 1 and sample 2 can be obtained using Equation (5) .
Here a b and a f are the thicknesses of the base and flyer plates, respectively; σ 1 , σ 2 , and σ b are the tensile strengths of the base, flyer, and explosive cladding, respectively. The standard value is calculated to be 176.7 MPa by substituting σ 1 = 135 MPa, σ 2 = 410 MPa, a b = 14 mm, and a f = 2.5 mm. The tensile test was carried out and the results are shown in Table 3 . The tensile strength values of the two plates were approximately the same and significantly higher than the standard values of TA2/1060 explosive cladding and 1060 plates. The phenomenon might result from two factors. Firstly, plastic deformation caused by the explosion load resulted in working hardening. The mutual cross-cutting action of dislocations increased the motion resistance when the matrix material was subjected to tensile stress. Secondly, fracture of Al and Ti occurred successively and delamination of the interface finally took place during the tensile process due to the difference in tensile strength and toughness between Ti and Al. Therefore, the tensile strength of the Ti/Al explosive cladding plate was higher than that of the Al plate, which was the weaker material. This result is consistent with the literature [33, 36] .
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The above analysis showed that the locally continuous melting layer and wider diffusion area of sample 2 made it possible to form more intermetallic compounds. These brittle and hard phases adversely affected the interfacial bonding quality of sample 2. Moreover, under the action of tensile Tensile shear test was conducted to assess the interfacial bonding strength of sample 1 and sample 2. The tensile shear samples are presented in Figure 9b , which are prepared according to Chinese standard GB/T 6396-2008 (Figure 9a ). The average tensile shear strength of sample 1 was 108.6 MPa, while that of sample 2 was 95.5 MPa. The former was larger than the latter by 13.7%. The separation of the samples occurred along the bonding interfaces between TA2 and 1060. Li and Wu [33] fabricated 2205/AZ31B laminates via explosive welding and found that the separation took place at the bonding interface after tensile shear test as well.
The above analysis showed that the locally continuous melting layer and wider diffusion area of sample 2 made it possible to form more intermetallic compounds. These brittle and hard phases adversely affected the interfacial bonding quality of sample 2. Moreover, under the action of tensile shear stress, many ASBs expanded into macroscopic cracks, which promoted the bonding interface of fracture and separation in sample 2. The result might indicate that the small wave bonding morphology of sample 1 was more acceptable for Ti/Al explosive cladding. This is coherent with the previous study [23] . Tensile shear test was conducted to assess the interfacial bonding strength of sample 1 and sample 2. The tensile shear samples are presented in Figure 9b , which are prepared according to Chinese standard GB/T 6396-2008 (Figure 9a) . The average tensile shear strength of sample 1 was 108.6 MPa, while that of sample 2 was 95.5 MPa. The former was larger than the latter by 13.7%. The separation of the samples occurred along the bonding interfaces between TA2 and 1060. Li and Wu [33] fabricated 2205/AZ31B laminates via explosive welding and found that the separation took place at the bonding interface after tensile shear test as well.
The above analysis showed that the locally continuous melting layer and wider diffusion area of sample 2 made it possible to form more intermetallic compounds. These brittle and hard phases adversely affected the interfacial bonding quality of sample 2. Moreover, under the action of tensile shear stress, many ASBs expanded into macroscopic cracks, which promoted the bonding interface of fracture and separation in sample 2. The result might indicate that the small wave bonding morphology of sample 1 was more acceptable for Ti/Al explosive cladding. This is coherent with the previous study [23] . Bending performance is an important mechanical property index of the two plates. The bending samples were obtained according to GB/T 232-2010, and bending tests were conducted. The bending Bending performance is an important mechanical property index of the two plates. The bending samples were obtained according to GB/T 232-2010, and bending tests were conducted. The bending samples were bent to 180 • , and no delamination, fractures, and bonding defects were found. The result showed that both of the plates had good plasticity and toughness and satisfied the industrial production requirements. At the same time, we were able to indirectly determine that the content of hard and brittle intermetallic compounds in the bonding zones was not high.
Conclusions
1. The two TA2/1060 bimetal clads were successfully manufactured via explosive welding at different ratios.
2. The interfaces presented the wave bonding morphology. The wavelength and amplitude of the bonding interface increased at a higher explosive ratio due to more pressure.
3. Microstructure investigation showed that vortex structures and ingot structures were main typical interface microscopic features at the lower limit of the explosive ratio, while a locally continuous melting layer, more prolonged grains, and adiabatic shear bands were observed near the interface at the upper limit of the explosive ratio.
4. Element diffusion and intermetallic compounds were found in the bonding zones by EDS analysis and lining scan test.
5. The result of the tensile shear test showed that the tensile shear strength at the lower limit of the explosive ratio was larger than that at the upper limit of explosive ratio by 13.7%. The separation occurred along the bonding interfaces.
6. Microhardness values increased on both sides of the bonding interfaces and decreased with the increase of the distance from the interfaces. Tensile strength and bending performance were acceptable.
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